Sy

pubs.acs.org/est

Exploration of Oxidative Stress and Inflammatory Markers in Relation

to Urinary Phthalate Metabolites:

NHANES 1999—-2006

Kelly K. Ferguson,* Rita Loch-Caruso,” and John D. Meeker*"

*Department of Environmental Health Sciences, University of Michigan School of Public Health, 1415 Washington Heights,

Ann Arbor, Michigan 48109-2029, United States

ABSTRACT,

0 % - 35
\ p-values for trend < 0,0001
! ‘\\
\

% Change in Bilirubin
o
P
Vi '/
%4 Change in Alkaline Phosphatase

Phihalate quintile

*=MEHHP —*=MiBP+MaBP —* MBzP —*MCPP *=MEHHP —*= MiBP+MnBP —* MBzP —+ MCPP *=MEHHP —*—MiBP+MnBP —* MBzP —MCPP

. 10 -
p-values for trend < 0.01 L p-values for trend < 0.01

% Change in Absolute Meutrophil Count

Phthalate quintile Phthalate quintile

Phthalate exposure has been associated with a wide range of adverse health outcomes in limited epidemiologic studies, and
inflammation and oxidative stress have been hypothesized as potential mechanisms involved. In the present study we investigated
associations between urinary concentrations of phthalate metabolites and potential blood markers of oxidative stress (bilirubin) and
inflammation (alkaline phosphatase [ALP], absolute neutrophil count [ANC], ferritin [adjusted for iron status], and fibrinogen),
using data from 10,026 participants in the National Health and Nutrition Examination Survey (NHANES) recruited between 1999
and 2006. After adjustment for covariates we found that bilirubin was inversely associated with several phthalate metabolites (all p-
values <0.0001), including the metabolites of di-2-ethylhexyl phthalate (DEHP) and dibutyl phthalate (DBP), in addition to
monobenzyl phthalate (MBzP) and mono-(3-carboxypropyl) phthalate (MCPP). Since bilirubin is a potent antioxidant these
relationships suggest that phthalates may be associated with increased oxidative stress. Many of the same metabolites were also
significantly and positively related with ANC, ALP, and ferritin, suggesting phthalates may be associated with increased
inflammation. These markers may be useful in other studies of low-dose exposure to environmental contaminants.

B INTRODUCTION

Phthalate esters are chemicals used in a wide variety of
consumer products and their urinary metabolites are detectable
in the general population." High molecular weight phthalates,
such as diethylhexyl phthalate (DEHP) and benzylbutyl phtha-
late (BBzP), are used in a variety of applications but are
primarily added to plastics such as polyvinyl chloride (PVC)
to make them more flexible. Low molecular weight phthalates,
such as dibutyl phthalate (DBP) and diethyl phthalate (DEP),
are also used as plasticizers and additionally as solvents in
personal care products. Exposure has been linked to various
health outcomes, including altered thyroid function, neurolo-
gical development, asthma and allergic symptoms, and repro-
ductive health issues such as decreased sperm count and quality
in men, and endometriosis, uterine leiomyomata, and prema-
ture delivery in women.”~” Although mechanisms for these and
other health effects have not been firmly established, it has been
hypothesized that phthalate induction of oxidative stress and
inflammation may be involved.*® We recently reported several
significant associations between urinary phthalate metabolites
and gamma glutamyltransferase (GGT), a marker of oxidative
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stress, and C-reactive protein (CRP), a marker of inflamma-
tion.” In the present analysis we continue our exploration by
examining links between urinary phthalate metabolite levels
and several other markers that have been indicated as repre-
sentative of these health outcomes.

As a biomarker of oxidative stress, we examined serum bilirubin
concentrations. Bilirubin is a potent antioxidant at physiologic
concentrations, and reduced serum bilirubin has been proposed as
a potential marker of oxidative stress.” Furthermore bilirubin has
been associated in some studies with other known biomarkers of
oxidative stress, such as malondialdehyde (MDA) and GGT.'*"!
Serum bilirubin has primarily been used as an oxidative stress
marker in epidemiologic investigations of risk of coronary artery
disease and metabolic disease.""'* In our exploration of phtha-
lates in relation to inflammatory markers, we examined serum
ferritin, fibrinogen, absolute neutrophil count (ANC), and alkaline
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phosphatase (ALP). These parameters have been used to assess
inflammation associated with cardiovascular disease and, occa-
sionally, in relationship to environmental exposures.H_19
Although the markers evaluated in the present analysis may
be related to other health indicators such as liver function, we
suggest that phthalate exposure at the levels observed in this
population are unlikely to lead to these pathological outcomes.
Furthermore, though these markers may be analyzed less
frequently as measures of oxidative stress and inflammation,
we are unaware of evidence to suggest that they are less
relevant to these outcomes than those used more commonly.
Bilirubin, ALP, ANC, and ferritin may be more readily available
for use in large, population-based studies, particularly when
data are examined retrospectively, and hence an understanding
of their association with low-dose environmental exposures

should be valuable.

B EXPERIMENTAL SECTION

Study Participants. The National Health and Nutrition
Examination Survey (NHANES) is an ongoing cross-sectional
study designed to estimate prevalence of exposures and disease
in a sample representative of the general US population. For
this analysis, data collected between 1999 and 2006 were
combined.”® We included individuals who had measurements for
one or more urinary phthalate metabolites, urinary creatinine, and
one or more of the outcomes of interest. We removed from the
data set 445 subjects who were pregnant as well as 5 who had levels
of outcome measures greater than 5 times the standard deviation
above the mean (1 =2 for ANC and n = 3 for fibrinogen). The final
population used for analysis included 10,026 subjects. However,
sample size for specific models varied by availability of phthalate
metabolite, biomarker, and covariate data.

Urinary Phthalate Metabolites. Urine samples were col-
lected from subjects ages 6 and older at Mobile Examination
Centers (MECs) and stored at —20 °C until analysis. Phthalate
metabolites measured included mono-(2-ethylhexyl phthalate)
(MEHP), mono-(2-ethyl-S-hydroxyhexyl) phthalate (MEHHP),
mono-(2-ethylS-oxohexyl) phthalate (MEOHP), mono-(2-ethyl-
S-carboxypentyl) phthalate (MECPP), mono-n-butyl phthalate
(MnBP), monoisobutyl phthalate (MiBP), monobenzyl phtha-
late (MBzP), monoethyl phthalate (MEP), mono-(3-carboxypropyl)
phthalate (MCPP), mono(carboxynonyl) phthalate (MCNP),
mono(carboxy-octyl) phthalate (MCOP), monocyclohexyl phtha-
late (MCHP), monoisononyl phthalate (MiNP), mono-n-octyl
phthalate (MnOP), and mono-n-methyl phthalate (MnMP).
Measurements were performed by the Division of Environmen-
tal Health Laboratory Sciences, National Center for Environ-
mental Health, Centers for Disease Control and Prevention, as
described elsewhere,"*! using electrospray ionization (ESI) or
atomic pressure chemical ionization (APCI) and tandem mass
spectrometry.”>>® For descriptive statistics, levels were adjusted
for urinary dilution by dividing phthalate level by creatinine
concentration for a final measurement in (g/g creatinine. For
regression models, unadjusted phthalate concentrations were
used and creatinine was included as a covariate.”* The distribu-
tions of all phthalate measurements were log-normal and were
In-transformed for analysis. Phthalate metabolites with >75% of
measurements below the limit of detection (LOD) were not
included in our analysis. This excluded MCHP, MiNP, MnOP,
and MnMP. For other metabolites, measurements below the

LOD were included and replaced by the LOD divided by the
square root of two.>

In addition to the individual metabolite concentrations, we
created several variables that combined metabolites of parent
phthalate diesters. A sum of the dibutyl phthalate (DBP)
metabolites was created, DBPCOM, represented by MnBP
alone in the 1999—2000 data set and the combination of MiBP
and MnBP in the 2001 —2006 data sets. Also, as described in our
previous papers, we created the variable MEHP% to compare
the level of the putative toxic metabolite of di-2-ethylhexyl
phthalate (DEHP), MEHP, to a sum of multiple DEHP meta-
bolites that were measured (MEHP, MEOHP, MEHHP).>%%’
It has been hypothesized that higher proportions of urinary
MEHP compared to the other DEHP metabolites, as indicated
by the MEHP% variable, may be associated with decreased
metabolic efficiency and hence greater susceptibility to adverse
health effects from DEHP exposure.*® To create MEHP%, we
converted each DEHP metabolite into nanomoles using their
molecular weights, divided the molar mass of MEHP by the
mass of the sum of all three metabolites, and then multiplied
by 100. Though levels of MECPP, another oxidized metabolite
of DEHP, were available in this data set, we did not include
them in the MEHP% variable because this analyte was mea-
sured only in the 2003—2006 data sets and hence on a much
smaller number of participants (n = 4903). In addition, MECPP
was highly correlated with both MEHHP (r = 0.95, p < 0.0001)
and MEOHP (r = 0.96, p < 0.0001). Thus, its inclusion in the
MEHP% variable would not be expected to impact results.

Blood Biomarkers. Biomarkers assessed as dependent vari-
ables in our analysis were measured in serum or plasma using
methods described in detail on the NHANES Web site.”® Methods
and eligible samples differed slightly across study year. Bilirubin
was measured in refrigerated serum using a diazo reaction with
a rate of change measured photometrically by the Beckman
Coulter LX20 analyzer (2001—2006) or the Hitachi 917 chem-
ical analyzer (1999—2000). ALP concentration was measured in
the same matrix and with the same machinery using an enzymatic
reaction. Ferritin levels were assessed from frozen serum using
the Bio-Rad laboratories Quantlmune Ferritin IRMA kit in
1999—2002 and via the Roche Tina-quant method in
2003—2006 only. We adjusted ferritin measurements for iron
status by dividing ferritin by the transferrin saturation, as has
been done previously when utilizing ferritin as an inflammation
marker."® Transferrin measurements were made by dividing iron
levels by unsaturated iron binding capacity (UIBC), the methods
for which are described in detail elsewhere.”® Ferritin and
transferrin levels were measured in all subjects in 1999—2002
data but were only available with phthalate metabolite measures
in women aged 12—59 from 2003 to 2006. Therefore there are
fewer samples available for analysis for these outcome measures,
and the population we examined for these variables was com-
posed of more women than men for most phthalate metabolites
and only of women between 12 and 59 years of age for those
phthalates measured only in the 2003—2006 data sets (MECPP,
MCNP, and MCOP). Fibrinogen was measured in plasma of
men and women over age 40 between the years of 1999—2002
only, using the Clauss clotting method with detection by the
STA-compact, an electromagnetic-mechanical clotting detection
system. ANC was measured in whole blood upon receipt of
sample in MECs. It was measured using the Beckman Coulter
MAXM in the same way over all four study periods. Appropriate
quality control methods were used for all analyses, as described
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on the NHANES Web site.”®* We did not examine data on liver
disease; rather, subjects with measurements for any outcome
variable greater than S standard deviations from the mean were
excluded from our analysis. All blood biomarker measures except
for fibrinogen were log-normally distributed and In-transformed
for analysis.

Covariates. Multivariable linear regression models included
covariates that were associated with exposure and outcome
variables in crude analysis and/or changed effect estimates by
greater than 10% upon inclusion in models. Demographic
information was collected from participants using an in-home
survey. From these data we included the variables age, sex, race
and ethnicity, and poverty income ratio (PIR), an indicator of
socioeconomic status. Alcohol use and education level were also
considered but were not included because of high numbers of
missing values (missing for alcohol use n = 4674, missing for
education n = 4293); furthermore, there was a lack of association
between these variables and urinary phthalate metabolites (p >
0.05). Body mass index (BMI) was included from physical
examination data. Serum cotinine and urinary creatinine were
included from other laboratory analyses, and both were In-
transformed in the statistical analysis. NHANES data set (i.e.,
2-year study periods) was considered as a covariate but did not
markedly impact effect estimates and was not included. Lastly, we
examined the effect of the time of day of sample collection
(morning, afternoon, or evening), as it has been suggested that
both phthalate metabolite levels and the blood markers of
interest exhibit some diurnal patterns.”® > However, changes
in effect estimates were small, and this variable was omitted from
final models.

Statistical Analysis. Data analysis was performed using SAS
version 9.2 (SAS Institute, Cary, NC). NHANES utilizes a
complex, multistage design, in which certain subpopulations
are oversampled for improved accuracy of data within those
groups. To adjust for this in the data analysis, samples are
weighted for results that are generalizable to the US population.
However, when a wide range of weights exists in the data set and
factors used in the formation of the weighting variables, such as
age, sex, ethnicity, and PIR, are included in the analysis as
covariates, a weighted analysis can be inefficient.>> For this
reason and for consistency with our previous findings, we
performed both unweighted and weighted analyses, compared
the two, and presented unweighted results when point estimates
were similar.

In descriptive analyses we examined distributions of expo-
sure and outcome variables with geometric means and selected
percentiles in the total population and by the categorical
covariates sex, age group, and race and ethnicity. t tests and
one-way ANOVA were used to examine differences between
groups. Crude associations between outcome measures and
phthalate metabolites as well as with the previously examined
markers GGT and CRP were explored using Pearson correla-
tions of values that were In-transformed, when appropriate.
Multivariable linear regression models were created to examine
adjusted relationships between individual phthalate metabolites
and each blood marker of interest. The same covariates were
added to all models for consistency and comparability and
included age (continuous), sex (dichotomous), race and ethnicity
(categorical), In-transformed serum cotinine, PIR (continuous),
BMI (continuous), and In-transformed urinary creatinine. We
next examined several models including multiple phthalates
for metabolites that were strongly correlated with one other.

Table 1. NHANES 1999—2006 Population Distribution by
Categorical Covariates

variable category N (%)

sex male 5102 (50.9)
female 4924 (49.1)

age group 6—12 1605 (16.0)
13-19 2866 (28.6)
20—50 3036 (30.3)
>50 2519 (25.1)

race/ethnicity Mexican American 2641 (26.3)
other Hispanic 404 (4.01)
Non-Hispanic White 4020 (40.1)
Non-Hispanic Black 2575 (25.7)
other/multiracial 386 (3.85)

In secondary analyses we stratified our data by gender, race
and ethnicity (Mexican American, other Hispanic, Non-
Hispanic White, Non-Hispanic Black, other race/multi-
racial) and age group (6—12, 13—19, 20—50, and >50 years
of age) to explore any differences and the potential for effect
modification. We also examined associations across phtha-
late quintiles to assess nonlinear relationships. Finally, using
similar multivariable models, associations were assessed in
pregnant women alone.

B RESULTS

Population distributions by categorical covariate are presented
in Table 1. Geometric means and selected percentiles of phtha-
late metabolite levels were presented previously and thus are
not displayed here.® Variation in exposure levels by categorical
covariates was also described in our previous analysis, where
there were differences in various phthalate metabolites by gender,
race and ethnicity, and age, consistent with findings in an analysis
of 1999—2000 NHANES data."

Table 2 displays distributions and sample size for each
outcome variable. Several covariates were associated with these
variables in preliminary analyses. There were significant sex
differences for all outcome variables (p < 0.0001), with women
having lower levels of bilirubin, ALP, and adjusted ferritin and
higher levels of ANC and fibrinogen. There were no differences
in bilirubin level by age group; however, the ALP level showed
a significantly decreasing trend with increasing age group
(p for trend < 0.0001), and the other markers of inflammation
showed increasing trends (p for ANC = 0.062, p for adjusted
ferritin < 0.0001, p for fibrinogen = 0.014). Both bilirubin and
ALP showed a significant downward trend with increasing BMI
category (p < 0.0001), while those for ANC, adjusted ferritin,
and fibrinogen were also significant but positive (p < 0.0001).
Lastly, all outcome variables differed significantly by race/
ethnicity (p < 0.0001).

Correlation analysis comparing markers used previously with
those in this study showed that bilirubin was very weakly but
statistically significantly associated with GGT (r = 0.05, p < 0.0001).
CRP was weakly to moderately correlated with all markers of
inflammation, including ALP (r = —0.075, p < 0.0001), ANC
(r=0.25,p < 0.0001), adjusted ferritin (r = 0.40, p < 0.0001), and
fibrinogen (r = 0.54, p < 0.0001). Relationships between markers
for inflammation in this study were mostly statistically significant,
but the magnitudes of the correlations were weak. ALP was
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Table 2. Weighted Distributions of Biomarkers for Oxidative Stress and Inflammation

percentiles

biomarker years measured N geometric mean (SE) 25th S0th 75th 90th 95th max.
bilirubin (mg/dL) 19992006 8053 0.66 (1.00) 0.48 0.61 0.80 1.02 123 440
alkaline phosphatase (U/L) 19992006 8054 84.6 (1.01) 56.4 69.8 867 114 163 728
ferritin (ng/mL) 1999—2006° 6031 49.7 (1.01) 27.6 563 121 228 324 2310
adjusted ferritin® 1999—2006° 6007 2.63 (1.02) 1.31 2.53 5.07 9.98 13.9 112
ANC count (1000 cells/uL) 19992006 9437 6.82 (1.00) 5.69 6.91 8.33 9.95 11.2 315
fibrinogen (mg/dL) 19992002 1871 378 (1.90)" 313 360 411 473 S13 775

“ Adjusted ferritin = ferritin/transferrin saturation. ” Arithmetic mean and standard error. * Measured in all subjects 1999—2002 and only in women ages
12—59 in 2003—2006. ¢ Measured only in men and women over age 40 from 1999 to 2002.

slightly and inversely correlated with ANC (r = —0.02, p = 0.08)
as well as with adjusted ferritin (r = —0.09, p < 0.0001) and
positively correlated with fibrinogen (r = 0.25, p < 0.0001). ANC
showed slightly stronger positive correlations with adjusted
ferritin (r = 0.10, p < 0.0001) and fibrinogen (r = 0.22, p <
0.0001), and, last, adjusted ferritin showed a weak positive
correlation with fibrinogen (r = 0.18, p < 0.0001).

Crude analysis using correlations to examine the relationships
between phthalate metabolites and biomarkers of oxidative
stress/inflammation revealed many statistically significant rela-
tionships and were similar to adjusted results (data not shown).
Multivariable linear regression results are displayed in Table 3.
Because they were similar with and without sample weights,
unweighted results are presented. The associations between
phthalate metabolites and fibrinogen are not shown, as there
were fewer subjects with data on this measure (n = 1871) and
none of the relationships were observed to be statistically
significant. Also, results for unadjusted ferritin are not included
as the relationships were primarily weakly inverse and did not
approach statistical significance.

In adjusted models, bilirubin was significantly and inversely
associated with MEHP, MEHHP, MEOHP, MECPP, MnBP,
MiBP, DBPCOM, MBzP, and MCPP (p < 0.0001). A positive
relationship with MEP was observed, though it was not statisti-
cally significant (p = 0.13). However, upon stratification by sex
the association was statistically significant among females (p =
0.009) but not males. Other stratified results, by sex as well as
race and age group, showed relationships consistent with those in
unstratified models.

There were significant positive associations between ALP and
MnBP, MiBP, DBPCOM, MBzP, and MCPP (p < 0.0001).
Slightly weaker but similarly positive relationships were observed
with MEHHP, MEOHP, and MCNP (p < 0.01), as was a
statistically suggestive relationship with MECPP (p = 0.067).
Unexpectedly, MEHP and MEHP% were inversely associated
with ALP (p < 0.0001). In stratified analysis there were no
differences in phthalate-ALP relationships by age group or sex,
but interestingly relationships between ALP and MEHHDP,
MEOHP, and MECPP were significant only in Mexican Americans
(data not shown for stratified analyses).

Adjusted ferritin, though only available for a much smaller
number of participants and higher proportion of females com-
pared to males (60.7% females for MEHP model), also showed
several significant relationships with phthalate metabolites.
Levels were positively associated with MEHP, MEHHP, and
MEOHP and for MECPP in females alone (p-values < 0.0S).
Contrary to our hypothesis we observed significant inverse

relationships with MEHP% and MEP. There were no major
differences observed in stratified analyses.

Finally, ANC was positively associated with MEHHP, MEOHP,
MnBP, MiBP, DBPCOM, MBzP, and MCPP (p-values < 0.01).
There were no differences in effect estimates by age group, race, or
gender stratification.

In a bivariate analysis the metabolites of DBP were highly
correlated with MBzP (for MnBP and MBzP r = 0.5, p < 0.0001,
for MiBP and MBzP r = 0.54, p < 0.0001). Thus, we examined
effects of including these metabolites together as predictors. In
models including MnBP and MBzP as well as models with MiBP
and MBzP coefficients were nearly identical to those from
models with only one phthalate metabolite predictor, with a
slight attenuation of effect estimates in some models but no
changes in overall conclusions (results not shown).

Figure 1 shows results from selected adjusted models of
the phthalate quintiles of MEHP, MEHHP, MiBP, MnBP,
DBPCOM, MBzP, and MCPP relationships with bilirubin,
ALP, and ANC. Results for MEOHP and MECPP were very
similar to those for MEHHP and are not shown. Relationships
with other phthalate metabolites as well as with fibrinogen were
not displayed because they were not statistically significant.
For models with fibrinogen this may have been due to insuffi-
cient sample size. These data showed primarily monotonic
associations between exposure quintile and percent change in
outcome variable, although for some relationships, such as
with ALP and MEHHP, estimates plateaued prior to the
highest quintile of exposure. Finally, no notable results were
observed in our analysis limited to pregnant women (data not
shown).

B DISCUSSION

The results from this study show strong and significant
associations between urinary phthalate metabolites and blood
biomarkers for oxidative stress and inflammation that have
previously not been examined in this context. They indicate
both that phthalate exposure is associated with significant
physiological changes in the general US population and that
some of the markers examined may be useful in examining the
oxidative stress and inflammatory effects of phthalate and
potentially other low-dose environmental exposures in large
human studies. Investigation of these relationships has the
potential to improve our understanding of environmental con-
taminant contribution to human health and disease because of
the critical roles oxidative stress and inflammation can play in
disease etiology and progression.
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Table 3. Percent Change (95% Confidence Intervals) in Markers of Oxidative Stress and Inflammation Associated with an
Interquartile Range Increase in Urinary Phthalate Metabolite Concentrations®

bilirubin alkaline phosphatase
parent compound phthalate metabolite N percent change (95% CI) N percent change (95% CI)
DEHP MEHP 7179 —5.20 (—6.55, —3.63)° 7180 —4.03 (—5.78, —2.23)°
MEHHP 5523 —5.47 (—6.64, —4.13)° 5524 2.37 (0.64, 4.14)*
MEOHP 5523 —5.01 (—6.33, —3.82)° 5524 3.16 (1.32, 4.94)*
MECPP 3613 —4.35 (—5.90, —2.78)° 3614 1.95 (—0.13, 4.24)
MEHP%" 5523 0.78 (—0.40, 2.04) 5524 —7.59 (—8.98, —6.18)°
DBP MnBP 5523 —4.38 (—5.85, —2.90)° 5524 11.1 (8.92, 13.3)°
MiBP 5523 —4.06 (—5.64, —2.46)° 5524 7.04 (4.75,9.37)°
DBPCOM’ 7179 —3.72 (—5.20, —2.36)° 7180 10.0 (8.03, 11.9)°
BzBP MBzP 7179 —3.94 (—5.37, —2.48)° 7180 13.8 (117, 15.9)°
DEP MEP 7175 1.06 (—0.30, 2.42) 7176 —3.33 (—5.05, —1.84)°
DOP MCPP 5523 —6.23 (—7.64, —4.94)° 5524 11.1 (—=0.01, 13.3)°
DiDP MCNP 1775 —0.93 (—3.49, 1.73) 1776 431 (1.17,7.37)¢
DiNP MCOP 1775 —2.14 (—4.50, 0.42) 1776 2.33 (—0.67,5.32)
adjusted ferritin absolute neutrophil count
parent compound phthalate metabolite N percent change (95% CI) N percent change (95% CI)
DEHP MEHP 5303 4.19 (0.14, 8.56)* 8335 0.89 (—0.13, 1.93)
MEHHP 3408 9.31 (5.12, 16.7)° 6434 1.54 (0.60, 2.53)“
MEOHP 3408 692 (2.68, 11.3)* 6434 1.36 (0.39, 2.36)*
MECPP 1188 7.53 (1.13, 14.1)* 4202 0.89 (—0.27, 2.10)
MEHP%" 3408 —4.45 (—7.78, —0.95)* 6434 —0.46 (—1.31, 0.40)
DBP MnBP 3408 2.99 (—1.53,7.71) 6434 1.98 (0.84, 2.99)*
MiBP 3408 3.20 (—1.97, 8.46) 6434 2.18 (0.95,3.37)"
DBPCOM® 5303 343 (—0.43,7.43) 8335 2.27 (1.32, 3.28)°
BzBP MBzP 5303 3.40 (—0.35,7.28) 8335 1.69 (0.76, 2.71)*
DEP MEP 5299 —5.99 (—9.31, —2.75)* 8331 —0.83 (—1.72, 0.06)
DOP MCPP 3408 —0.48 (—4.68,3.91) 6434 1.38 (0.36, 2.50)*
DiDP MCNP 578 3.21 (—6.00, 13.2) 2065 0.38 (—1.23,2.00)
DiNP MCOP 578 2.18 (—6.14,11.3) 2065 1.09 (—0.50, 2.63)

“ Calculated with coefficients from full multivariate regression models, adjusting for age, sex, race and ethnicity, In-serum cotinine, PIR, BMI, and In-
urinary creatinine. * Proportion of MEHP compared to sum MEHP, MEHHP, and MEOHP. ‘ Sum of MnBP and MiBP. ¢p < 0.05. “p < 0.0001.

Inflammation is a multistage multifactorial response to
infectious microorganisms, injury, and toxicants that involves
rapid-onset innate immune responses (characterized by cyto-
kine release, acute phase proteins, and leukocyte recruitment)
and acquired immune responses (culminated by antibody
response). Oxidative stress is commonly defined as a condi-
tion in which cellular protective antioxidant systems are
overwhelmed by reactive oxidant chemicals, leading to oxida-
tive damage of macromolecules such as DNA, proteins, and
lipids. Responses to inflammatory and pro-oxidant stimuli
may overlap and interact as well. Serum levels of CRP, an acute
phase protein, and GGT, an enzyme involved in antioxidant
defense response, have been widely applied as biomarkers of
inflammation and oxidative stress, respectively, and were
associated with various urinary phthalate metabolites in our
previous report.® In the present study, we report new results
from an expanded analysis of relationships between urinary
phthalate metabolites and additional potential markers of
oxidative stress (bilirubin) and inflammation (ALP, ANC,
ferritin, and fibrinogen).

In limited human studies of phthalate exposure, there is
considerable variation in results by phthalate or phthalate
metabolite and oxidative stress markers. Evidence for oxidative
stress associations in humans have been observed with MEP
and MEHP as indicated by a potential downstream effect
(increased sperm DNA damage),”** with MEHP and MEHHP
by increased MDA and 8-OHdG,** and with MEHP and
MEHP% by increased GGT as we reported recently.® These
associations with oxidative stress in humans are consistent
with results from animal studies showing that exposure to the
parent diesters DEHP and DBP stimulated reactive oxidant
species generation in liver*® and testis®”*® and increased MDA
generation in liver.*® Likewise, DEHP stimulated 8-OHdG
formation in rat liver.***°

Here we used serum bilirubin level as a biomarker of oxidative
stress. Bilirubin is a heme breakdown product with potent
antioxidant progerties that acts as a scavenger of reactive oxygen
species (ROS).” Upon reaction with ROS, bilirubin can be con-
verted to biliverdin, which is then metabolized back to bilirubin
by the enzyme biliverdin reductase. Alternatively, bilirubin can
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Figure 1. Association [calculated with coefficients from full multivariate regression models for phthalate quintile association with outcome measure,
adjusting for age, sex, race and ethnicity, In-serum cotinine, PIR, BMI, and In-urinary creatinine] between urinary phthalate metabolite quintiles and

percent change (95% confidence interval) in the following: a) bilirubin; b) alkaline phosphatase; and c) absolute neutrophil count.

form oxidative metabolites that are excreted as biopyrrins into the
urine.*' As a result of its antioxidant activity, decreased bilirubin,
or increased biopyrrins, may serve as a useful biomarkers of
increases in oxidative stress. Furthermore, its value as a marker has
been evidenced by high correlations with other known markers
of oxidative stress such as MDA (for total serum bilirubin
<16 mg/dL r = —0.74, p < 0.01)."” In the present study we
observed a correlation in the opposite direction expected with
the oxidative stress marker GGT; however, it was very weak in
magnitude (r = 0.05). Previously, bilirubin has been used as a
marker of oxidative stress in the prediction of cardiovascular
disease.'>">** Here we observe a decrease in serum bilirubin, in
association with all of the phthalate metabolites previously shown
to be associated with oxidative stress, except for MEP. In regards to
our earlier study where oxidative stress was indicated by an increase
in GGT, we confirmed the relationship between MEHP and
increased oxidative stress. However, we did not observe the inverse
relationship with MEHP% and MEOHP, and we also observed
many additional significant associations.® The first inconsistency
indicates a need for closer examination of the toxicological effects
of the different DEHP metabolites, as their roles are unclear. The
second suggests that bilirubin may be a more sensitive marker for
detection of oxidative stress or may be measuring different aspects
of and/or effects beyond oxidative stress.

Adjusted ferritin has been used recently as a marker of
inflammation in the study of childhood obesity."® In that study,
Skinner et al. introduced the ferritin/transferrin saturation ratio
as a way to adjust ferritin values for whole-body iron status.
Although serum ferritin has been used historically as an assess-
ment of iron status and, therefore, anemia, ferritin is also an acute
phase protein of the inflammatory response to infection and
injury, similar to CRP.** Despite the markedly smaller sample
sizes for adjusted ferritin compared to other markers and
measurement availability restricted to women of ages 12—59
years, we still observed significant positive associations with
MEHP, MEHHP, and MEOHP. Notably, adjusted ferritin was
the only inflammatory marker to show a positive association with
urinary levels of MEHP. The associations between MEHP and
ferritin are supported by laboratory studies showing that MEHP
stimulated release of inflammatory cytokines from human epi-
thelial cells,** human umbilical vein endothelial cells,** and rat
alveolar macrophages.* In addition to being an acute phase
protein, ferritin synthesis is closely linked to heme oxygenase-1
expression, an enzyme in the antioxidant response pathway that
initiates heme conversion to bilirubin.*” As such, the positive
associations observed with adjusted ferritin are consistent with
the inverse relationships observed with bilirubin as potential
indicators of oxidative stress. Also, with this measure we observed
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an unexpected inverse relationship with MEP. As a recently
introduced marker for inflammation, further studies are needed
to interpret relationships between adjusted ferritin and environ-
mental contaminants more completely.

Although elevated ALP levels are traditionally used as markers
of liver damage and disease, recent reports that serum ALP was
positively correlated with the inflammatory marker CRP in
epidemiologic studies, particularly in women, suggest that ALP
may serve as a marker of inflammation.>® > In the present
analysis, we observed strong positive relationships between ALP
and the phthalate metabolites MEHHP, MEOHP, MnBP, MiBP,
the combination of the DBP metabolites, MBzP, MCPP, and
MCNP. Our current findings include associations with more
phthalate metabolites than what we previously reported with
CRP, where we only noted significant relationships with MBzP
and MiBP.® We unexpectedly observed inverse associations of
ALP with MEHP, the MEHP% variable and MEP. The relation-
ships with MEHP and MEHP% were particularly surprising;
because MEHP is the putative major toxic metabolite of DEHP,
we anticipated that individuals with higher urinary concentra-
tions of MEHP or higher MEHP% would exhibit higher indica-
tion of inflammation as reflected by the marker ALP due to either
higher DEHP exposure or decreased ability to transform MEHP
to its oxidized metabolites. The inverse relationships we ob-
served could be a result of interferences due to the fact that ALP
is also a marker for liver function and cytotoxicity. Furthermore,
the lack of a clear biological explanation linking elevated serum
ALP to inflammation leaves open the possibility that ALP may
not serve as a reliable marker of inflammation in all circum-
stances. Low, null, or inverse correlations observed in this study
between ALP and other potential markers of inflammation,
including CRP, ANC, adjusted ferritin, and fibrinogen, may also
add doubt to the validity of this measure.

ANC is a clinical measure of the immune status of an indivi-
dual, commonly used to assess risk of infection after chemother-
apy. Increased ANC has been used as an indicator of the acute
phase response in studies of disease and, more recently, as a
marker of inflammation in the study of environmental expo-
sures.'*'*!? In the present study we observed significant posi-
tive relationships between ANC and MEHHP, MEOHP,
MnBP, MiBP, DBPCOM, MBzP, and MCPP, and no significant
inverse relationships were found. However, inconsistent with
previous studies, we did not observe a significant relationship
with MEHP or MEP.

Lastly, despite a limited sample size, we investigated relation-
ships between phthalate metabolites and fibrinogen, which has
been used as a marker of inflammation in association with cardio-
vascular disease as well as more recently in studies of exposure to
environmental tobacco smoke and other air pollutants.” '~ %%
Though no significant relationships were observed here, the
potential for use of fibrinogen as a biomarker of inflammation in
response to phthalate exposure should be further explored with
larger sample sizes, particularly as we observed this marker to
be most highly correlated with the marker CRP and the other
markers used in the present study.

The results from our analysis of phthalate metabolites with
the inflammatory markers ALP and ANC were consistent with
previous findings of significant positive associations between
MnBP and MBzP with CRP.*Furthermore, this analysis addi-
tionally indicated that the metabolites MiBP and MCPP may be
associated with inflammation. However, whereas in the previous
study we observed significant inverse relationships between the

oxidized DEHP metabolites MEHHP and MEOHP and CRP, we
observed positive relationships with all of the markers measured
here. Again, this indicates a need for a better understanding of the
toxicological effects of the DEHP metabolites, and more details
on which facets of inflammation or oxidative stress are reflected
in the various blood markers we examined.

There were several limitations to our study. First, as is always
the case with cross-sectional data like NHANES, we are unable to
establish a causative relationship between exposure to phthalates
and adverse health outcomes. Second, since we made a large
number of comparisons in our study, it is possible that some of
our observations were due to chance. However, the strength and
consistency of our results argue against chance findings. Lastly,
because exposure to some phthalates is thought to be primarily
dietary, and because compounds are metabolized relatively
quickly, measurements taken from a single urine sample may
not be representative of average exposure. However, several
studies have indicated that a single measurement may represent
long-term averages, though the temporal reliability varies by
phthalate metabolite.>**>>°

Despite these limitations, this study also has many strengths. It
offers a novel exploration of phthalate associations with oxidative
stress and inflammation involving potentially underutilized and
powerful biomarkers of these pathways in a large representative
population. Also, our findings were robust to secondary stratified
and quintile analyses. Future exploration to more thoroughly
investigate these associations should involve toxicological studies
and also epidemiologic analyses using more robust study designs
with longitudinal information and repeat urine samples for
exposure assessment as well as the examination of relationships
in sensitive subgroups.

In conclusion, we observed that various urinary phthalate
metabolites, particularly MBzP, MCPP, and the metabolites of
DEHP and DBP, are associated with biomarkers indicative of
increased inflammation and oxidative stress. Not only does
this have implications for the potential human health effects of
phthalates, but our findings also suggest that ALP, ANC, and
adjusted ferritin may be useful markers of inflammation and that
bilirubin may similarly be a useful marker of oxidative stress, in
the study of health impacts of low-dose environmental chemical
exposures.
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